This paper aims to provide insights into the factors contributing to the efficiency of separation of solids particles in pneumatic jigging. A batch pneumatic jig was constructed at the University of Nottingham, UK, for solid waste recycling. Synthetic materials (density tracers), colour coded for density, were used as the bed materials in a series of experiments. The bed was analysed layer by layer using image analysis technique, utilizing colour difference among density tracers to calculate separation efficiency. In general, the pneumatic jigging movement depends on two important factors which are airflow rate and pulse rate. The former lifts the bed, and the latter creates intermittent air current. Airflow rate, pulse rate and time were studied to identify the significant parameters affecting separation efficiency in pneumatic jigging. Any changes in one of these parameters could influence separation efficiency. Process optimization was performed using Box-Behnken design to determine optimal conditions for obtaining high percentage of separation yield. Results from the software (Design-Expert ® 7.1) suggested that optimal conditions could be attained at a pulse rate of 120 rotations per minute, time of 7 min and airflow rate of 30 cm/s, with the produced yield expected at 82.4%. Actual experiments generated a separation efficiency of greater than 80% by varying the tested parameters.
Introduction
Pneumatic jigging is used to separate particles on the basis of their densities. It was first introduced in the USA by English miners in 1850 (Chapman and Mott 1928) . The process was derived from wet jigging. Chapman and Mott (1928) reported that the fundamental aspects of pneumatic jigging are similar to wet jigging, except for the dry concept incorporated in the system. This is done by employing a stationary device with continuous or intermittent air current to stratify particles.
The technology was patented in England in 1874, and a few famous examples of the pneumatic jigs were krom, plumb, and paddock jigs and kirkup process (Nwafor 2008) . The technology reached its peak in 1960, after which the equipment no longer played a major role in coal cleaning industry, and its applications started to decline (Collins 1995) .
Pneumatic jigging offered many economic and environmental advantages (Miles et al. 2003; Richard and Richard 2007) . The process does not involve the use of water, chemical, or effluent discharge. After-treatment processes, such as Editorial responsibility: Q. Aguilar-Virgen.
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product dewatering, tailing disposal, waste water treatment and pump maintenance are unnecessary thus cutting considerable cost.
The main purposes of jigging development are to increase separation efficiency, improve cost-effectiveness and obtain a higher throughput rate (Tsunekawa et al. 2012) . Several studies have been conducted to identify factors contributing to the jigging separation process (Rong and Lyman 1992; Mishra and Mehrotra 1998; Hendriks and Xing 2004; Tsunekawa et al. 2005; Ya-li et al. 2009 ). These factors can be categorized into two major groups, namely, mechanical and material factors. Mechanical factors are bed thickness, fluid flow, pulse rate and time of separation; material factors include shape, size and density of the material used.
In recent years, a number of notable efforts have been exerted towards pneumatic jigging development, such as improvement on discharge method (Tsunekawa et al. 2012) , simulation study of solid separation in a jigging device (Viduka et al. 2013) , effect of moisture content towards the treatment and separation of coal and other minerals (Boylu et al. 2015) as well as wall effects on particle separation in air jigs (Ambrós et al. 2016 ). These studies have contributed towards pneumatic jigging development, although few studies focus on the effect of airflow and pulse rates on the separation efficiency in pneumatic jigging. The related works on these two factors (airflow and pulse rates) have focused on bed fluidization (Boylu et al. 2014 ).
Most of the previous studies focused on the improvement of pneumatic jig on the mining and mineral processing application (Boylu et al. 2014 (Boylu et al. , 2015 . This research was conducted for two purposes: (1) to highlight the potential of this technology for other industries, such as recycling and waste processing area and (2) to investigate the significant factors in obtaining the highest separation efficiency.
The main reason of using artificial material (density tracers) instead of real feed material is due to the idealized nature of the tracers (density and size). This factor contributes to the establishment of the jig functionality and provides the range of modification required in the initial jig set-up, and it aligns the design with the overall aims of the project. According to Aziz (2014) , the density difference between particles in real waste samples is bigger than density difference between the tracers. For instance, the density difference between metallic and non-metallic fraction is 6.2 g/cm 3 , while the density difference between the tracers is only 1.3 g/cm 3 . Furthermore, the density difference between particles can give an initial insight into the potential of separation through the calculation of the concentration criterion, which is one of the factors which could influence the result of gravity separation (Gupta and Yan 2006) . The concentration criterion is calculated with the following formula (Taggart 1945);  where C, concentration criterion; h , density of heavy particle; f , density of the fluid; l , density of the light particle. Rao (2011) reports that separation is relatively easy when the concentration criterion of the materials to be separated is greater than 2.5. However, if the concentration criterion is less than 1.25, then good separation is difficult for any particle size.
In order to provide a better result using jigging technique, the separation process should depend only on the density difference rather than the particle size difference; therefore, in this study close sizing is required (1.70-2.36 mm). Previous research by Wang et al. (2015) proved that pneumatic jigging can overcome material shape problem (wiry) through size reduction process. However, another problem occurred while dealing with wide range of particle sizes (0.075-4.75 mm). The fine particles in the system will affect the separation efficiency (Koppen 1966; Siame 2008; Habib 2010) . If the range of particle size is too wide, the movement will be dominated mainly by surface friction rather than gravity (Aziz 2014). It can also be affected by the differences in aerodynamic turbulence and viscosity that affect the relative sedimentation velocity. Therefore, 1.70-2.36 mm size range is chosen to facilitate the experiments and parallel with the research purpose which focuses on the fundamental aspect of pneumatic jigging movement which depends on airflow rate and pulse rate.
Finally, the use of coloured density tracers that enable the image analysis and the separation efficiency calculation is one of the contributions of this manuscript.
The current study in The University of Nottingham in 2016 investigates the interrelated factor between pulse and airflow rates, which significantly contributes to separation efficiency. At the initial stage, the study focuses on the single-effect factor, where only one parameter is changed, while other parameters remain constant.
Principle and related theory development
Jigging theory is based on stratification. Initially, stratified layers are produced when the jig bed responds to sinusoidal fluid motion caused by the effects of airflow and pulse rates. After the bed responds to the sinusoidal fluid of motion, the heavy material settles faster than the lighter one and forms the bottom layer (Jong 1999). The higher strata continue to exhibit higher porosity, and particles can move freely relative to one another. At the end of the process, denser and lighter particles occupy the bottom and top layers, respectively.
(1)
Thereafter, researchers attempted to further explain jigging by studying the motion of single particles and the particle bed as a whole using jigging motion. There are three essential forces that act on a particle that moves through a fluid (Gupta 2003; Wills 1997) . The forces are as follows:
• external force, that is, gravitational or centrifugal ( F e ) • buoyant force, which acts parallel to the external force but in the opposite direction ( F b ) • drag force, which appears whenever a relative motion exists between the particle and the fluid ( F d )
All of these forces are written in the following equation of motion:
In jigging, the drag force is assumed negligible because the velocity is rather less at the beginning of particle movement. Thus, the equation can be simplified into:
where m, mass of particle (g); m ′ , mass of fluid displaced (g); g gravity acceleration (m/s 2 ). The particle volume equals the volume of displaced fluid; therefore, the final state of the equation can be written as where 1 , density of the particle; 2 , density of the fluid.
This theory provides useful insights into various forces of field (external force, buoyant force and drag force) acting on
a single particle and explains velocity or acceleration theories in jigging practices. However, the theory fails to explain the movement of a whole bed particle. When the amount of solids increases, particles do not have room for free movement, and the whole bed particle involves particle collisions. A few attempts have been made to study the movement of particles as a whole bed (Mayer 1964; Symonds 1971) . Mayer (1964) , however, explains that the purpose of the jig stroke is to create a fluid motion which causes the attractive inter-particle forces to loosen. Upon loosening the bed, potential energy reduction acts as the physical factor for producing a stratified layer. This factor keeps particles segregated until the bed reaches its lowest potential energy. Particles with different densities also occupy various positions and produce the stratification layer (Fig. 1) .
The processes of separation into three major internal jigging mechanisms or jigging principles, which are differential acceleration, hindered settling and consolidation trickling, have been studied and reported by several researchers, such as (Vesilind and Rimer 1980; Jain 1987; Wills 1997) .
The process starts with the fluidization phase, where particles are dilated by a fluid medium, either air or water, until their velocity is finally reduced to zero. Initially, particle fall is governed by initial acceleration, which depends on particle density but not particle size (Gupta and Yan 2006) . This phase has been previously explained in the final stage of equation of motion (Eqs. 2-4). Particle movement is also influenced by the difference in initial acceleration if the duration of fall is sufficiently short and repetitions are adequately frequent because of the limited time for particles to reach the appreciable velocity (Wills 1997) .
In theory, if solid concentration in the fluid increases, particle movement is affected by mutual interference. Settling rates of the particles begin to decrease, and behaviour becomes nonlinear, which is inversely proportional to solid concentration. This condition is called hindered settling, and it reduces the effect of size while increasing that of density on the separation (Gupta and Suri 1994).
Once particles reach an appreciable velocity, drag force should not be considered as zero, similar to when at the initial point, because the effect of drag force on particles increases when velocity increases. Therefore, particle movement depends on density and size. At some point, if the fluid medium is supplied at a fast rate or in a turbulent condition, particles may travel high and reach terminal velocity (Gupta and Yan 2006) . If this situation occurs, then particles remix. However, the turbulent condition can be reduced by controlling the pulse that produces the intermittent air current (Mukherjee et al. 2006; Nwafor 2008) .
In the last phase, larger particles interlock, while smaller ones continue to move in the void between the large particles. The movement is called consolidation or interstitial trickling. This movement helps small, heavy particles to move down in heavy fraction. However, if it is allowed for long, it will contaminate the heavy fraction because the light and fine particles will also move down to the heavy layer (Sripriya and Murty 2005).
Materials and methods

Apparatus
A laboratory scale of pneumatic jig (Fig. 2) was constructed at the University of Nottingham to assess its ability as a density-based separator. The constructed jig consisted of three major parts, which are as follows:
1. Separation chamber 2. Air control units (air distributor and butterfly valves) 3. Air supply unit (blower).
The separation chamber represented the main component of the unit, where the separation occurs. It was a square column that was 160 mm wide, 160 mm long and 500 mm high. The chamber was made of Perspex that enabled virtual observation of the process. A removable screen was fitted at the bottom of the chamber. The screen functioned as a plate that kept the materials inside the chamber from falling into the air distribution unit. It also allowed air to pass through and lift the particles inside the chamber. Apart from allowing air to pass through, the sizes of screen apertures suited the smallest particle size being separated inside the chamber.
The second part was the air control unit, which was placed under the separation chamber and consisted of an air distributor column and a butterfly valve. The air distributor column resembled a short cylindrical column made of metal and was placed between the separation chamber and pneumatic valve. If the column was removed, the distance from the valve to the sample would be excessively short and the incoming air from the valve could give a turbulent effect to the particles and affects separation efficiency. Therefore, the air distributor column created a space or distance between the valve and the chamber to reduce the turbulent effect and provided improved airflow distribution across the bed. To enhance uniform airflow distribution, the distribution column was fully filled (approximately 85% by volume) with plastic balls featuring a 2 mm diameter. The balls were made The system of batch pneumatic jigging used a pair of butterfly or pneumatic valves made by Euro Valve Ltd. (UK). Both valves were placed at the end of the airflow pipe (Y-shaped metal tube), and one of them connected the air distribution unit to the airflow pipe. These valves were time-controlled in an alternating pattern for their opened and closed cycles. The valve movement was controlled by a programmable logic control (PLC) unit to enable desired pulse rate for separation. The PLC unit was connected to the pneumatic valves, and it transmitted alternating electrical signals to the built-in actuators inside the valves. Actuators received the signals and activated the valves to open or close if the signal was in a + 1 or 0 mode, respectively. The importance of valves cycles (open and close) to the system was due to their production of intermittent air current or air pulses from the continuous airflow, which exerted the jigging effect on the system.
The air supply unit (blower), made by MAPRO International Company, was another important part of the device. It mainly supplies the continuous airflow to the system. It was connected to the system through the Y-shaped metal tube. It had a capacity of 4 kW and could be operated at a maximum fan speed of 3000 RPM. The fan speed was controlled by the control unit of variable speed that utilizes the inverter.
Material/sample
Density tracers, which were synthetic materials prepared to impart a suitable combination of properties, including density and colour, were used in this study. The tracers used in the experiments were red and blue with the respective density of 1.4 and 2.7 g/cm 3 . These values were confirmed by testing the tracers using Micromeritics He Pycnometer AccuPyc 1330.
Given the focus on the mechanical effect, the German or continental system which requires close sizing (particle) was employed in the current study (Jarvis 1908) . This system could control the effect of material factor during separation, thus causing the separation system to depend on the mechanical factor for reaching maximum possible extent. All samples were required to go through sieving. The size range for all samples was standardized between 1.70 and 2.36 mm, which was based on previous study conducted by Aziz (2014) .
Procedure
A series of 45 experiments were conducted to investigate the effect of airflow and pulse rates on separation efficiency. The experiments were carried out with an equal mixture of red and blue density tracers (50:50 by volume). The materials were sieved into the size range of 2.36-1.70 mm and poured into the separation chamber to form a 12-cm-high thick bed. The total weight of particles involved in the separation was 2050 g (700 and 1350 g were the weights of the red and blue density tracers, respectively).
Prior to the experiments, the airflow and pulse rates of the valves were set at certain values (Table 1) . For each of the air flow rates (25-35 cm/s), it was tested with five different pulses (60-120 cycles/min) for 7 min. Each experiment was repeated for three times, and the mean values were reported. At the end of every experiment, the separated materials were recovered from the separation chamber, remixed and reused for the next experiments.
Evaluation of separation efficiency
Photoimage analysis was used to evaluate separation efficiency in this study to differentiate the colour of the red and blue density tracers while extracting the quantitative information from the images. Throughout the experiments, the entire separation process was recorded using a highdefinition digital camera. The images of the process were then captured from the video on the basis of the desired interval time. To eliminate unnecessary work on the image and reduce computational processing or analysis time, the image was cropped to focus only on the region of interests, which pertain to the location of the density tracers.
Once the images were in the rectangular slides, they were loaded into the MATLAB-written programme that automatically executed 'compositional mapping' of the samples based on their colour differences. Upon collecting the elements of images, percentage areas were assigned to the feed components existing under the same colour. The percentage area indicated the grade/recovery obtained during separation. Based on this operation, a grade was defined to represent the proportion of the layer of the separated feed sample occupied by the component under investigation. In most common cases, the grade was defined after referring to the feed component that had the highest physical presence on an image slide under investigation. Table 2 presents the details of MATLAB code.
Basically, the calculation of efficiency is based on the purity of each layer. Once the separation process happened, the blue density tracers which were much denser occupied 1 3 the bottom layer of the separation chamber, while the red density tracers were on top. Figure 3 shows the separation example where the sample mixture was separated into two layers. This image can be used as a guide for the recovery, grade and separation efficiency calculation. Recovery of blue particle ( R B ) in the bottom layer ( bl ) after separation is defined as where B bl is the percentage area of the blue component contained in the bottom layer and B t is the percentage area of the blue component contained in the feed sample (total).
If red and blue particles were equal in volumes and perfect separation condition was assumed, then all the blue and red particles can be recovered at the bottom and the top layers (tl), respectively. If separation is not perfect, the grade of blue component contained in the bottom layer is defined as where R bl and B bl are the percentage areas of the red and blue particles contained in the bottom layer, respectively. Using Worrell's formula for binary separators (Vesilind and Rimer 1980) , the separation efficiency can be defined as Given that ( B bl + R bl ) = B t and that ( B tl + R tl ) = R t for a mixture containing two components in equal proportion (Fig. 3) (Fig. 3) .
In order to ensure the reliability of the technique, it is necessary to verify it with another approach using the sink float analysis with sodium polytungstate (SPT). The SPT was chosen in this study because the density can be easily adjusted between 1 and 3.1 g/cm 3 . The liquid is also reusable, with no obnoxious smell, and no disposal problem (Murray and Keith 1987) . The density of the liquid was modified to lie in between the density of two different types of particles. Therefore, the material with the density less than the liquid will float, while the material with higher density than the liquid will sink. In this study, the density of SPT was set at 2.0 g/cm 3 so when the collected representative samples from the experiments were stirred or immersed in the SPT solution, the blue density tracers (2.7 g/cm 3 ) sink and the red density tracers (1.4 g/ cm 3 ) float. The calculation for the effectiveness of the separation was based on the grade and recovery and was similar to the calculation used for the image processing analysis. However, for the image analysis the calculation was based on the size of the area projected on 2-D images. In this process, the calculation was based on the weight of the particles. The formula to calculate the efficiency is shown below:
For recovery calculation;
For grade calculation;
% Recovery of red on top layer = Mass of red on top layer Total mass of red inside chamber (100) Fig. 3 Example of red and blue particles distribution before and after separation
The separation efficiency calculation is derived using Worrell's formula for binary separators (Vesilind and Rimer 1980) where in this situation X N , mass of red density tracers in the top layer; Y M , mass of blue density tracers in the bottom layer; X 0 , total mass of red density tracers in the feed; Y 0 , total mass of blue density tracers in the feed; p , number of components contained in the feed sample The efficiency of a two-component feed could be defined by multiplying the fraction of red density tracers in the top layer with the fraction of blue density tracers in the bottom layer.
Results and discussion
Effect of pulse rate
Figures 4 and 5 show the variation of separation efficiency with time (of jigging) for different pulse rates. The effect of pulse rate on separation efficiency was examined thoroughly. The experimental pulse rates used were in the range of 60-120 cycles/min, which was between 1 and 2 cycles/s over 7-min separation time. Throughout the jigging process, pulse rate was varied, while other operating parameters were kept constant.
At the initial state of separation (within the first minute), a rapid form of separation occurred, which reached more than 40% of separation efficiency. Then, separation efficiency improved as pulse rate increased. In these experiment sets, (10) % Grade of red on top layer = Mass of red on top layer Total mass of top layer (100)
separation was most efficient at 120 cycles/min and less efficient at 60 cycles/min. By referring to the time factor, efficiency was improved as jigging time was further extended. However, the rate of separation efficiency slowed (for most of the pulse rates) or reached the equilibrium after 4 min.
In the experiments, pulse rate contributed a significant effect on separation efficiency. At a lower pulse (60 cycles/ min), the valve completed its opening and closing cycles in 1 cycle/s, which could be considered a longer stroke. At this rate, the total volume of air directly entering the separation chamber would be higher. The combination of the longer stroke and the higher volume of air entering the chamber caused greater particle 'activity' and increased the lift amplitude of the bed, thereby inducing the particles to remix.
As the valve cycle became faster (with shorter stroke), the amount of air flowing directly into the chamber was reduced. This reduction caused the bed to lift at a lower amplitude while reducing particle movement. This process also reduced the turbulent effect and increased separation efficiency. However, if the pulse rate kept increasing after a certain limit, separation efficiency would decrease (Nwafor 2008) . Particles were best separated when they were operated at or near the natural frequency of the lighter material (Mukherjee et al. 2006) . In this case, the best frequency for separating particles was assumed to be 120 cycles/min for a velocity of 30 cm/s. Once the frequency went beyond this limit, the airflow entering the chamber would reduce along with the amount of energy required to lift the bed eventually. At this stage, the particle movement became restricted, which reduced separation efficiency.
Effect of airflow rate
Figures 6 and 7 illustrate the variations in separation efficiency with time (of jigging) for different airflow rates. The effect of airflow rate on separation efficiency was examined thoroughly. The experimental airflow rates used were in the range of 25-35 cm/sec over 7-min separation time. The same procedure was employed that the airflow rate was varied, and the other operating parameters were kept constant. Figure 6 shows the trend and pattern of separation related to three airflow velocities (i.e. 25, 30 and 35 cm/s). It illustrates that the best and lowest separation efficiencies of the feed mixture occurred at 30 and 35 cm/s, respectively. The curves also indicate that the separation efficiency increases from an airflow of 25-30 cm/s and starts decreasing from an airflow of 30-35 cm/s. An enhanced image for this situation could be seen from a different angle of the graph (Fig. 7) , exhibiting the repetition pattern of separation based on time.
In these experiments, 25 cm/s was the minimum airflow rate. At this rate, the energy transferred to the bed was at the minimum level. The bed was barely dilated, resulting in a limitation for fast sorting because of the restricted particle movement. At 30 cm/s, separation efficiency increased because the energy supply was sufficient to lift the bed, providing adequate space for sorting the particles. However, if the airflow rate continued to increase afterward, separation efficiency would reduce. In these experiments, separation efficiency decreased at an airflow rate of 35 cm/s. At this rate, the energy transfer to the bed was higher. The bed was lifted to a higher amplitude, which created turbulent conditions and a mixing effect that lessened separation efficiency. Although the blower was able to supply a maximum airflow rate of 50 cm/s, the experiments were stopped at 35 cm/s because the particles started to splash out of the separation chamber at 40 cm/s. Optimization using Box-Behnken design Table 3 shows the levels of the independent variables used in this study. The factors were investigated using Box-Behnken design for optimization and are shown in Table 4 . Analysis of variance (ANOVA) was performed, and the 'prob > F' less than 0.05 indicates that factors of pulse rate (C) and time (A) are statistically significant in affecting the separation (Table 5) . Airflow rate (B) was found insignificant with 'prob > F' value of 0.67. The suggested model by the software (Design-Expert Version 7.5.1 (Stat-Ease, USA) was linear versus mean with prob > F of 0.0364 (selected because less than 0.05). The data are normally distributed and shown in the normal plot of residuals in Fig. 8 . Residuals versus predicted (Fig. 9) , residual versus run and predicted versus actual were checked and showed an equal variance and stable. The model was also examined for any transformation that could have been employed, but the Box-Cox plot did not suggest any transformation for the response. The equation in terms of coded factors is shown in Eq. 11:
Process optimization using Box-Behnken design was analysed to determine the optimal conditions of the process to obtain high percentage of separation yield. The results from the software (Design-Expert Version 7.5.1 (Stat-Ease, USA) suggested that the optimal conditions can be attained at pulse rate of 120 RPM, time at 7 min and airflow rate at 30 cm/s with the produced yield is expected at 82.4%. Five experiments (confirmation run) were conducted using the suggested condition and obtained an average of 83.1% for separation efficiency. It was indicated that the experimental values obtained were in good agreement with the values predicted from the models, which recorded small errors between the predicted and the actual values, which was only 0.8%.
Conclusion
Although the pneumatic jigging was effective in the solid waste separation, it was found that pulse rate and time factors significantly affect the separation efficiency. The highest separation efficiency was at 120 cycles/min and the lowest was at 60 cycles/min with a jigging time of 7 min. Analysis of variance (ANOVA) was performed and the 'prob > F' less than 0.05 indicates that pulse rate and time factors are statistically significant. Airflow rate was found insignificant with 'prob > F' value of 0.67. Results from the software (Design-Expert ® 7.1) suggested that optimal conditions could be attained at a pulse rate of 120 RPM, time of 7 min and airflow rate of 30 cm/s, with the produced yield expected at 82.4%.
This study brings to the fore the capability of the batch pneumatic jig in separation of solid particles and it highlights, the potential of this technology to be used in other industries, such as recycling and waste processing area. Further works are nevertheless required to provide a deeper understanding of the mechanisms involved to facilitate the development of an optimum system applicable to the industry.
